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ByBurtL.Taylor,III,and
Experimentalfrequenoy-response
l%anlcL.Oppenheimer
characteristicsofengine
speedfora typicalturbine-propellerenginearepresented.These
datawereobtti bysubjettingtheenginetosinusoidalvaria-
tionsoffuelflowandpropeller-blade-anglei puts.Correlation
Ismadebetweenthese xperimentald taandanalyticalfrequency-
responsecharacteristicsobtainedfroma~ineardifferentialeqza-
tionderivedfromsteady-statetorque-speedr lations.
Theresultsofthisinvestigationndicatehatenginespeed.
isa linearf’umtionoffuelflowandpropeller-liladeanglefor
limitedvariationsoftheseparameters.Algebraic expressions
approximate-describingthefrequency-responsecharacteristicsof
theenginetestedareprimarilyfirstotier.Apprmimate frequency-
responsecharacteristicslimitedtofirst-ordereffectsq becal.
culatedfromsolutionsofa lineardifferentialequationande@.-
libriumtorquqcharacteristicsoftheengineandthe~peller.
INTRODUCTION
Inofiertodesigncontrolsthatwillprovidedesirable
transientoperation,thedynamicsofthevariouscomponentsofthe
controlledsystemshouldbeknown.Themostgeneraldescription
ofthedynamicsofanysystemisthedifferentialequationsof
motion,butuseofthedetailedandpreciseaerodynamicandthermo-
dynamicequationsforanalysisof@namicbehaviorofa gas-
turbinengineandcontrolsystempresentsinsurmountableproblems.
Onwe otherhad, anydescriptionwherebylinearbehaviorofthe
systemcomponentsi assumedcanbeplacedina fom thatisresd-
ilyhardled”andproductive of results. m advantages of me 1~-
earassumptionaresofar-reachingthatitsuseisjustified,even
.
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wherethesystemisofknownonline-tybutwherehim pwcision ‘
ofresultsisnotrquired,suohasintheinwstigathnofmn-
trohforgas-turbineengines.
Inthelinsarfield,severaldesorlptiveformsmn beused.
Themostgenemlof these is thefrequencyresponse,wherebythe
attenuationandthephaselagofsteadysinusoidalinputsaregiven
forthemntinuouefrquenoyspeotrum.Whenthesedataareavail- E
ableforeaohmmponentofa dosed-loopcontrolsystem,thetime 3
responsed thesystemoanbecalculated.Byemployingtechniques
ofanalysisandsynthesisdescribedinreferenoe1,systembehavior
mn bealteredtoobtaindesiredfrequenoy-respmseoharaoterletlos
andtherelatedtimeresponse. .
A generalinvestigationsinprogressattheI’LICALewislab-
oratorytodeterminethe nature ofthedynmiosofgas-turbine
powerplantsandtodeviseandtoevaluatem thodsfordescribing
thisbehaviorina formapplicabletocontrolsynthesisandanaly-
sis.Specialemphasishasbeenplacedonthedeterminationofthe
behaviord rotativespeedbeoauseofitsimportameinthistyp
ofengineforsafetyandoptimumoperatbn.Theresultsofan
investi@ionofthefrequenoy-responseoharacteristiosofa
turbimqropellernginearepresentmiherein.J!kperimental
freqmnoy-respmeedatawereenalyz~toobtainthegeneralform
andnatmre& thefrequenoy-responsea ddynamicohsraoterietios
ofsuchengines,toverifythelinearassumption,andtoobtaina
basisuponwhlohotherdescriptiveformsofthedynamicbehavior
q bemmpared.Onesuchcomparisonis madebetweenthelinear
differentialequationobtainedfrontequilibrium-torquemrvesand
experimentalfrequency-responseOharaoterietlos.o
Forpurposesofthisinvestigation,thedynamicresponseof
engine”speedtod.isturbanoesinfuelflowandpropeller-bladeangle
fora typtmlturbine-propellerengineisused.
with
AKAL3!WS
DevelopmentofLinearDifferentialEquations
thehypothesisthatquasi-staticmnditionexletinan
engineduringtramientrenditions
equationq bederivedto~ss
a-functionffuelflow(refezwnoe
thetorqueoutputoftheengineis
ables,enginespedandfuelflow,
ofoperation,a differential
thebehaviorofengineSPf3edU
2). Anassumptionismadethat
.{
somefunotionofonlytwoverl-
fora givenoonditional?
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u
altitudeailrampressureratio. ThisfunotdonIUWbeexed
andlinearizedsothatthefollowingequationapproximatesthe
behaviorofenginespeedforopmationina SIUSJJ.region
(1)
wherea isthepartial derivativect engine torquewithreqeot
tofuelflowand b istheabsolutevalueofthepartialderiva-
tiveofenginetorquewithrespeottoenginespeed.A deltapre-
fixbeforea variablesigwlfiesdtiationframtheinitialopera-
tingmint. (Allsymbolsusedinthisreportaretifsmainthe
appendix.)
Ina similarmanner,thetorqueabsorbedbya propellermay
beexpressedassomefunotionofrotationalspeedandbladeangle
q = f’z(P,Np)
AQP = oA$ +dANp
.
AQp= oA~+~#I?e}
(2)
whereo isthe,partialderivativeofmopellertorquewith
respmttobladeangleandwherea isthepartialderivativeof
PrOpellmtorWewithrespeotopropellerspeed.
Anyunbalanoeb tweentorquedevalopedbytheengineand
torqueabsorbedby the ~pellerresultsinanameleration.IX
theeffeotivemomentofinertiaisassumedtobemmprisedofthe
propellerandtherotatingpartsoftheengine,theunbalamed
torquemaybeeqssd intermsofenginespeedandthemoments
ofinertiabythefollowingequation:
H equation(2)isdividdbythegem?ratioR andsub-
tractedfromequation(1),thefollmingequati~results:
A22Af&)-n-AWf
.( )-:413- b+~ Al?eHz
(3)
(4)
.
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(5)- (4).= bemibinsd,yieldingthefollowingdif- “
equationrelatingenginespeedtofuelflowandblade
(5)
Ifequation(5)isditiaea
-, ~g foil- a~~itiess equation expressing speed
%?(max)
allafuelfluwisObtainea:
t,
.
,,
.-. . . .-. —. —— ---.—. -
I{
.
tie
‘e(max) +
ra~j]
-
[1Wfa—% (mt3x)
AWf
—-
%’(Ilax)
Al/e
7
ala]
‘[d
(6)
(n
Theformofequation(6)isthatofa first-orderlag,which &
canlewrittenasfollows:
AIie ANe AWf
T‘e(m)
—=Kl —
-J@V . (7)
— + ‘e(-) Wf(mm)
wherethedynsmicharacteristicsareentirelydefinedbythetime
oonstantT and the equilibriumconditionisdefinedby K1 and z
K2. Thus, 3\
1T=bl+dl
1’
al
‘1= bl+dl
c1
K2=—bl+al
(8)
JfrequencyResponse
Frequenoy-responsehamoteristicsmaybemlculatedbysolv-
ingtheMfferential.equationdescribinga systemsubJettedto
sinusoidalforc~ functionsofvariousfrequemies.Thesame
results~ beobtainedbyapplyingtheoperationalcalculusto
thedifferentialeq~tion.Thus,theresponseofenginespeedto
faelflowatconstantbladeanglecanbe_ssed intermsofthe
operator~ asfollows:
AWe
. 5&(iu)= ‘1
-
(9)
Wf(m&XX)
whiohisobtainedfmm equation(7]byreplaoingthefirstderiva-9
tivewithrespeototimeby (iu)andtreatingtheresultsalge-
braically. The”complexoperatorrepresentsboththeratioofthe
amplitudesoftheengine-speedan fuel-flowsinewswesandthe
rekrtivephaseangles.Theemplituderatioistheabsolutevalue
oftheccunplexfunotion,asfollows:
. . . . . .—
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IIAWf% (msx)‘A2 (lo)
Theangle bywhiohtheengine-speedsinewavelagsthefuel-
flowsinewaveisasfollows:
/
(u)
Thefrequenoyresponseofenginespeedtobladeangleatmn-
stantfuelflowmaybeobtainedbythesameprocedure,
(1.2)
(13)
(14)
AmmATuSml),I!R(lcEmRE
!Q@??2”- Theprtnoipal componentsoftheengineusedfortheinvestigatimareanaxial-flowmmpressor,reve?.we-flowoonibustion
cihsnikrs,anda single-staged~ct -coupledturbine.A two-stage
planetarygearsystemprovidesa speedreduotionbetweenthetur-
bineandthepropeller.
.
.
.
.
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.A12-foot-l-in*~imter,4four-bladedpropeller-installed
ontheengine.The~itch-changingmechanismisa self-contained
hydraulicunitlocatedinthepropellerhub. A lever,orbetaarm,
onthestationaryportionofthehuboperatesthehydrauliccon-
trolvalvesintherotatingpart-sothata linearelationexists
%etweenthebetaarmandthebladeangle.Ea& p=itionoftie
betaarmcorrespondstoa uniquebladeangleduringsteady-state
operation.
Harmonic-motiongenerator.-Anapproximationofsimplehar-
monicmotionbythebetaarmwasobtainedbyconnecti~ittoa
rotatingcrti-drivenbya direct-currentmotorthroughaworm-
gearr~uctionunit.A ~ ratioti100:1betweentheconnect-
ingrodand.thecranklengthmadethemotionofthebetaarmvary
lessthan1 percentfroma truesinewere.Bycontrollingthearma-
turecurrentandmibstitutinsvariouspeedreducersinthe
harmonic-motiongenercdxm,a rangeoffrequenciescouldbe‘obtained.
Thecenterofamplitudeofthesinewavecouldbevaried‘byshift-
ingthepositionofthehamonio-motiongenerator,@ vario~
amplitudescouldbeobtainedbychanginsthecranklength.
In ofiertovaryfuelflowsinusoidally,thefuelsystemof
theenginewasdisconnectedfrantiemamlfoldailreplaoedbyan
externalsystem,asshowninfigure1. A linewaso-ecteaIn
parallelwiththemainthrottlein@er toobtaina smallvaria-
tionoffuelinputabouta centerofemplitudes tbythemain
throttle.Theharmonic-motiongeneratorusedintheblade-angle
runs%asusedto-varytheflowintheparallellinebymeanscd’a
linearvalve.Ohemgesin~essuredropacrossthevalveweretoo
smalltohaveaneffectupontheline=variationfflowaurlng
—
transientoperation.
Instrumentation
Steady-statemeasurementsweretakenof
fuelflaw,enginetorque,a e-e spe~o
tomeasureallofthesevariables~oe@ the
sientconditionsofoperation.
Propeller-bltie
Provisionswere
angle,
made
torqueduringtran-
Blade-mglepositionwasmeasumdbytheuseofa potentiometer
attaohedtothepropellerbladethatvariedtheflowofcurrentIn
aneleotriccircuitindirectproporlxtonthebladeposition.
Forsteady-stateme surementi,hecurrentwasmeasuredbyamil-
limeter;ati~ transientcotiitimethecircuitwasswitchedto ,‘
a recordingoscillographelement.A conventionalslip-ring
.
-- .—— -. -- —- ——-—— -—-—--- ——- —-- -.— -. -
..
.I
NA.CATN 21.S4
u arrangementwasusedtocompletetheciroultbetween
eteronthe~opellerhubad therecording,device.
tionwasreoofiedina similarmsnner.
9
thepotentiom-
Beta-azmposi-
In@er tomeasurefuelflow,anA.S.M.E.orificewasinstdlea
Inthemainfuellineimmediatelyupstreamoftheenginefuelmani-
fold.A bellows-type&ifferential-pressuregagem asuredthepres-
suredropaorosstheorificeandaotuateda smallpotentiometer
thatvarieathecurrentina oirouitshilartothatusedforblade-
anglemeasurement.Inammzchasflowvariationsweresmallincom-
parisontomsanflow,thenonlinearrelationbetweenpressuredrop
anaaotualflowwasinsignificant.
Theringgearoftheplanetaryreduotionu itoftheengine
isrestrainedbya self-balancinghydraulicsystem.Thetorque
outputoftheenginewasinaioatedbythepressurerequiredtoaot
onthehydraulicpistontomaintainbalanoe.Thispressurewas
meaau&edbya Bou?dongage. .
Steady-statemeasurementofenginespeedwasaoooqpllshedby
means@ a three-phasetachometergeneratorandindicator.For
. reoordingtransientsinenginespeedontheoscillograph,a dire&-
currenttachometergeheratorwasutilizedina current-measuring
Clrouitl
A 10-cycle-per-secondtimingsignalgenerateabyanaudio-
oscillatorwasrec~ed ontheoscillographfilmtoshowthetime
variationfthemeasuredvariables.Thesignalwasfrequentlytom-
perdtoa standaml60-cycle-per-secondarrentona cathode-ray
oscilloscopeforcalibrationpurposes.
Soheunatiod agramsofthetransientmeasurementcircuitsare
shownin figure2. TableI indicatesthesteady-statendtrans-
ientcharacteristicsoftheinstpnts uses.Theoscillograph
wasusedtorecofionlyincrementsofdeviationfromtheinitial
operatingpoint.Conwntionalsteady+tateinstrumentswereused
tomeasurethelevelatwhichthetransientoocurredandtoevalu-
atetheincrements.Theoscillographwaacalibratedfrequently
duringtherunsforknownvaluesofdeviationas~8suerlbythe
steady-stateinstruments.
Prooeduzw
.
Frequenoy-responseruns.-Inordertodeterminethefrqzenoy
responseofenginespeed,sinusoidalvariationsweremadein
.
.
— .— -.—. .-. —. ...— —.-— .——
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propeller-bladeangleatconstantfuelflowandinfuelflowat .
constantbladeangle.,Thefrequencyrangetobeinvestigatedwae
determinedbythefollowingconsiderations:Itisshowninrefer-
ence1 thatfora first-ordersystemthebreakfrequencyis
inverselyproportionaltothesystemtimeconstantandthatanade-
quatefrequencyrangetodescribetheunitIsO.1to10timesthis
Valus. Therefore,byasmimingthetimeconstanttobe5 seconds
andc0n8ik%g theengineprtmarilyoffirstofier,therange of
descriptivefrequencieswasddina tobe0.02to2 radians per
second.-.
-C b*tior ab,outtwoeqtilibfimrum.rhgconditions of
theenginswasinvestigated.Thefirstconditionwas65percent
ofmaximum.ratedfuelflowanda bladeangleof180(97.5percent
ofmaxhumenginqspeed).Theotherconditionwas81percentof
maximumratdfuelflow@ a bladeangleof28°(92.5percentof
maximumenginespeed).Theamplitudeofthefoz%ingfunctionwas
thesameateachoperatingcondition;amely,a bladeangleof2°
and3.9percentofm&imumratedfuelflow.Foreachrun,oscil-
lographicrecordsweremadeofthetimevariationfpertinent
variablesduringsteady-statesinusoidaloperation.Typicalrecords
ofthesedataarereproducedinfigure3. Thehighfrequencyvari-
ationofthefundamentalwavesinthesefiguresresultedfromelec-
tricalendmechanicaldisturbancestothesensingelements.
u
.
Equilibriumruns.-lR@libriumdatarequiredtoevaluatethe
constantsofequation(6)wereobtainedbythefollowlngp?ocedure:
Fora setvalueof$uelflow,propeller-bladeanglewasadjusted
toobtainineoperatingpointsbetween85and100percentofmaxi-
mumenginespeed.Thesespeedpointsweieusedforfuslflows of
50.0,57.6,65.4,69.1,77.0,and84.5percentofmsximumfuelflow
exceptwhentorqueorturbine-outlet-temperaturelimitationspro- ‘
hibitedoperationthroughoutthecompleterenge.Enginetorque,
enginespeed,fuelflow,andblede-anglem asurementsweretaken
ateachoper&kingpointj
RT!SULTS
Experimentally
. Response
,
ANDDIMXJSSIOIJ
Detemined3Wequency-
Oharacteristics.
Resultsofsinusoidalinputs.-Resultsofthesinusoidal
blade-angleandfuel-flowinpu%sasobtainedfrcmtheoscillogra~ic.
tracesareshowninfigures4 and5. Amplituderatioofoutputo
. . .— ....— —.-L. .—. -— — — - ————— .. —- .-— .
.- . . .,-
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L inputispresentedonlog-logoootiinatesasa functionoffre-
quency.Pha8e-anglelag& theoutputrelatlvetoinputispre-
sentedonsemilogcoordinatesasa functionoffrequency.
Theformofthesefrequengy-responsecurvesindioatesthe
natureofthedynamicharacteristicsofthispowerplant.The
~
regularityofdatapointsindicatesthatthesystafO11OWBthese
predictedcharacteristicsbetterthanmightbeanticipated.Fur-
thermore,insupportoftheassumptionsmadefortheMfferential-
equationanalysis,thesystemappearstobeprimarilya first-ozder
lagsystem.Despitethecomplexityofthephysicalsystemandthe
processesperfomedintheturbinecycle,a fairlysim@emathe-
maticalformapproximatesheactualbehavioroftheengipe.
Algebraicformofdata.-ASshowninfigures4 and5,although
thesystemisprimarilyfirstofier,higherder effectsare
present.Increasedattenuationoftheoutputamplitudeatphase
shiftsapproaching1800indioatesthata second+fier approxima-
“ tion-maymoreexactlydescribethedata.Anequattonofthefol-
lowingformhasthereforeb enfittedtotheexperimentald ta:
.
Theeqmtionwasmatchedtotheexperimentald taatthe
steady-statepointandatphaseshiftsof450end900,thereby
detetiningthethreevariablesoftheequation,K, T1, and T2.
Resultsofthesecomputationsarepresentedincolumn3 O*tableII.
A maximumerrorinthevalueofthesecondtimecon&antT2
of0.1secondcouldbeattributedto “instrumentlags;thenumerical
valuesforthistimeconstantT2 arethereforepresentedonlyto
indicateheorderofmagnitudeofthissecoti-ofiereffect.
Becausethefuel-measurementd vicewasslmwerthantheblade-
anglemeasurementcircuit,instrumentationerrorwouldreducethe ‘
valued T2 inthefunctionsofenginespeedtofuelflowinput.
Theoppositerendofexperimentalresultsindicatesthatthe
second-ofiereffectisanenginephenomenon.Thefactthata
ratiointheorderof10:1extstsbetweenthetwotimecon-
stants71 and T2 makesthesecond-ofiereffeetnegligiblefor
- problm ofcontrolanalysis.
Inordertocomparetheformofthealgebratcapproximations
. withtheactualdata,crossplotsoffigures4 and5 arepresented
onfigures6 and7,respectively,togetherwithcurvesofthealge-
braicexpressions.Thecalculatedfirst-ordercurvesoffigures6
.
and7willbesubsequentlydiscussed.
—— .--— .- . ——
.— —-
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Comparisonffrequency-responsefunctions.-Variationf
thefirst-ordertimeconstantwithoperatingconditionsmaybeof
moreimportancethanthesecond-ofiereffect..A comparisonf
first-omiertimeconstantsintableIIshowsthattheseconstants
notonlyvarywiththeengine-~owerTointebutalsovarywiththe
forcingfunctionattheseinepowerpoint.Foranexactdescription
ofdynsmiobehatiorofenginespeed,extensived ta~ berequired
todetezminethetrendaftransientcharacteristics.
Linearityof@ amicbehavior.-Forpurposesofanalysis,an
assumptionwasmalethatengines~ed.wasa linearfunctionoffuel
flowendbladeangleforsmalltransients.Inordertoevaluate
thisassumptionfromtheresultsofexperimentald ta,theformof
theoutputsreoordedonoscillographicfilmwerecomparedtoan
_icti sinewave.Itwesfoumlthatforinputsresultingin
engine-speedchangesofasmuchas6 percentofmaxlrnumspeedthe
formofthespeedsinewme variednegligiblyframanexactsine
wave.&eaterinputamplitudesresultinginlargerspeedoscil-
lationscausedappreciabledistortion,theeffectbeinggreaterat .
low-powerpoints.Anassumptionflinesrityistherefore@ti-
fiedonlyforrestricteddeviationsontheorderof3 or4 percent
frcmanequilibriumpoint.
An&l@icallyDeterminedFrequency-
ResponseChemcteristics . .
Resultsofequilibriumruns.-Therelationbetweensteady-
statevaluesofenginetorqueandfuelflowisplottedinfig-
ure8(a)forseveralvalues-ofconstantspeed.Crossplotsfor
linesofconstantfuelflowareshowninfigure8(b).I’i~ 9(a)
isa plotofpropellertorqueagainstbl~e angleforvariousval-
uesofconstantspeedandcrossplotsforlinesofconstantblade
angleareshowninfigure9(b).Inofiertoshowtheequilibrium
~ cations aboutwhichsinusoidal-dataweretaken,two
lines&fconstantbladeangle,18°and
figure8(b).
Lossestotheaccessories@ the
neglectedincalculationsfpropeller
28°,aresuperimposedon
gear-reductionunitwere
torqlle.
R- e ofllnearity.-Inthederivationfequations(1)
and.(2),anassumptionwasmadethattherelationspresentedin
figures-8 and9~ beconsideredasstraightlinesforsmalldevi-
ationsfroma givensteady-state point.Theactualdataindicate
thatthisassumptionisjustifiedfortheenginechaxmteristics .,
overratherlargeregions,butthepropellercharacteristicsshould
—-. .
--—— — -- —-- ——-——— -— -
.
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beconsideredline~onlyin.verysmallregions.
thesenginedataasobtainedundersteady-state
Furthermore,
conditionsof
13
operationmaynotbeaccurateundertransientconditionsifthe
turbineisrequiredtooperateata @nt farfromthedesigncon-
dition(reference2).
Analyticalsinusoidalresponse.-l&eqwncy-respcnsecharac-
teristicsoftheenginewerecalculatedforoperatingpointsat
whichexperimentalsinusoidaldataweretaken.SValuesofthecon-
stantsal, bl, cl, and dl foranoperatingconditionwere
obtainedfromtheslopesofthecurvesoffigures8(a),8(b),9(a),
and9(b),respectively.Withvaluesodetermined,equations(10),
(11),(13),and(14)wereevaluatedfora rangeoffrequencies
coincidingwiththatusedintheexperimentalruns.Results.&
thesecalculationsareincltiedinfigures6 and7.
JC@braioformofanalgticalresults.-‘l!healgebraicformof
thefirst-ofiercurves~esentedinfigures6 and7 isshownin
equations(9)ahd(12).Theseequationswereevaluatedforthe
selectedoperatingpointsandtheresultsarepresentedincol-
umn4 oftableII.
Fortheassumptionsmadeintheanalysis,theen$inetk con-
stantisindependentoftheforcingfunction,SEshowninequa-
tion(7).Variationfthe constantsforthetwopowerpoints .
resultsfromthenonlinearityoftorque-speedcharacteristicsof .
theengineandthepropeller.Themagnitudeofthisvariationis
sufficienttolimitheutilityofananalysisinwhichlinear
approximatlonaareassumed.Forstudiesofbehaviorwithin
restrictedregions,theanalysisissatisfactory.
ComparisonfDifferential-EquationSolution
with~erimmrklResults
Comparisonof form.-Calculatedfrequency-responeechal%oter-
isticsaresimilartotheexperimentalresultsatlow-frequency
Palues,ssshownbyfigures6 and7. Becauseofhigher-order
effects~ibitedbytheexperimentald ta,deviationbetweenthe
twosetsofcurvesincreasesathigherfrequencies.!l?hiseffect
isparticularlyevidentinthephaseshiftoccurringathighfre-
quencies.R?esenceofphaseshifts&eaterthan90°intheengine
system~ l~t theover-allloopgainforstabilityina combined
engineandcontrolsystem.Fortheusualcaseinwhichthecontrol
contributesat least 90°additionalphaseshifto-tienginepolar
diagram,thegainatthe180°phaseshiftpointhasa definite
limltaocofilngtotheNy@st criterion(refemzmce1).
,
.
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Comparisenofnumericalvaluea.-Ingeneral,thevalueof
theexperimentaldmeconstantislowerthanthevalueoftheana-
lyticaltimeconstantfora givenpoweroperatingpoint.Thesig-
nificanceofthisvariationdependsonth6particularpplication
ofthedata;forsaneproblemsofcontrolanalysisa rangeofvar-
iationof2 to1 intheenginetimeconstantcauseslittlechange
intheccmibinedengine-controlsystem.Discrepanciesb tween
steady-stategainvalues,analyticalndexperimental,cau%0
accountedforbythefactthattheanalyticalvaluesarecalculated
framslopesofequilibrium-torquecurves.
CONCLUSIONS
Froma sea-levelstaticinvestigationofthefrequency-
responsecharacteristicsofa turbine-propellerengihe,thefol-
lcwingconc?luaionsmaybedrawn:
1. Enginespeed3.sa linearfunct’ionoffuelflowand *
pzmpeller-bladeangleduringtransientoperation,U deviations
fromtheequilibriumoperatingWintareontheorderof3 or4 percent.
2.Thefrequency-responsefunctionsofenginespeedtofuel
flowandenginespeedtobladeangle
buthigher-ofiereffectsexist.
3.A differentialequationthat
speedasa functionoffuelflowand
fromsteady-statedata.
ImisFlightPropulsionLaboratory,
NationalAdvisoryCommitteefor
Cleveland,Ohio,March24,
areprimarilyfirstorder,
clGaelydescribesngine
bladeanglecanbederived
Aeronautics,
1950.
,
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APPENDIX- SYM80LS
Thefollowingsymbolsareusedthroughoutthisreport:
psrtialderivativeofenginetorquewithrespectofuela
al
b
bl
c
c1
partialderivativeofengine-torqueparsmeterwithrespect
%
o
1
u
~ JqI R2
‘e(max)le 1+1 n
percentagemaximumfuelflow, L A
*f #
a—
‘f(max)
1
sec
absolutevalueofps@ialderivativeofenginetorquewithrespect
to
()a% lb-fttoenginespeed, ~ rpm
partialderivativeofengine-torquepmmeterwithrespect .
Qea
‘e(mix)le
percentagemaximumenginespee~ 11+%1 1Ne ‘=\
‘=
partial derktiveofpropellertorquewithrespectoblade
psxtialderivativeofpropeller-torqueparameterwithrespect
a %
‘[ 1,Np(max)% 1 + *tobladeangle,
P (secj(deg)
.
,
-. --— —..- . ..— — —.-— —
———— .— —-. ...
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d
K
partial derivativeofpropellertorquewithrespectopro-
— ()%lb-f%pellerspeed, ~ —P-
partialderivativeofpropeller-t&queparemeterwithrespect
topercentagemaximumpropellerspeed,
%a-”
[- 118‘p(-).% 1 + ~@2 ~
.—
Ifp Jsecb~p(mu)
fUIICtiOIlof Wf>Ne
functionof 13,1?p
polar momentofine$tiaofrotating-s ofengine,
(lb)(ft)(see)(rad)(min)/revolution
polarmomentofinertiaofpropeller,
(lb)(ft)(see)(red)(min)/revolution
Srbitraryconstant
al
K1 constantdefiningequilibriumcondition, ‘1 = bl +al>
K2 c1 ~constantdefiningequilibriumcondition,K2= —bl+al’deg
Iie engine speed., rpn
‘P propellerspeed,rpm
~ engine tor~e,lb-ft
R gearratioofengines~edtopropellerspeed
,
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Wf fuel flow,lb/hr
P propeller-bladeangle,deg
$~ betaarm,usedtodenoteleverinputomechanismforchang-
ingpropeller-bl~eangleonengineusedtorundata
A deviationfrominitialoperatingpoint
T enginetimeconstant,sec
(Ll frequency,radians/see
Subscript:
max maxilmn
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Ieasuredvariable Steady-etate!hSIIBiSlltchmacterletice
,accuracy
Bladeengle,B “$0 MmitedbyOsciuograph
element(40cps)
.
Betaam> Pa 1 percentof LlmltedbyosclUograph
fulltravel element(40cps)
Rlelflow,Wf d percentfor 1O-I.5Cps
fullflow
T~us,Q - percentfor -------------
fullscale
2t@nespeedJNe * of1 percent Limitedbyfilterdrcuit
forfullscale (1.59Cps).
L
.
TABLEII- I?REQmcY-mmm FumTIoN8
1 2 3 4
Frequency- Operatingpoint Algebralof rmoffre- Algebraicformof
reeponee qumcy-reeponsefuuc- frequency-responee
funct@n tionfrom~erimemtalfunctionfromcal-
aata culatedequation
K %
(l+iT@(l+iT~@ (l+iwo)
‘efie(uax)(iu) wf=65percent -1.06 -1.06
M . (l+i3.05@)(l+10.283@) (1;13.756$
of madmumrated
(percent/tieg)
Wfdxlpercelt - -1.73 -1.76(l+i3.35@(l+io.&@ofIcaxtmumX73ted (l+i2.86@
K1General . (1+i@71+i~2@ (l+iT@
m-w) g4.8° (1+13. 2@~~+iO:375@)(l+i:75@)
(percent)
~=28° (l+i2.73@~+i0.332@)(l+if86@)
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3Lerge-clotmanifold
Figure1. - Systemfor provldlng slnusohlal fuel flow.
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Typioaldatashowingsteady-statesinusoidalresponse
ofenginespeedtobladeangle.Fuelflow,81peroent
ofmaximumratedjmeanenginespeed,92.5peroentof
maximum;meanbladeangle,280;frequenay,0.986radian
perseoond4
Typicalsteady-statesinusoidaldataforturbine-propellerengine.
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(b)
Figure
Typioal datashowingsteady-statesinusoidalresponse
of enginespeedto fuelflow. Bladeangle,18°;mean
enginespeed,97.5percentofmaxhum;meanfuelflow,
65percentof msxhmm rated;frequency,0.873radian
per second.
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